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The fatty acid transport protein FadL from Esche- 
richia coii is predicted to be rich in ^-structure and 
span the outer membrane multiple times to form a 
long-chain fatty acid specific channel. Proteolysis of 
FadL within whole cells, total membranes, and iso- 
lated outer membranes identified two trypsin-sensi- 
tive sites, both predicted to be in externally exposed 
loops of FadL. Amino acid sequence analysis of the 
proteolytic fragments determined that the first fol- 
lowed R 93 and yielded a peptide beginning with M S-L- 
K A D N I APT A 04 while the second followed R 384 
and yielded a peptide beginning with ^S-I-S-I-P-D-Q- 
D-R-F-W 395 . Proteolysis using trypsin eliminated the 
bacteriophage T2 binding activity associated with 
FadL, suggesting the T2 binding domain within FadL 
requires elements within one of these extracellular 
loops. A peptide corresponding to the amino-terminal 
region of FadL (FadL 28 16 °) was purified and shown to 
inactivate bacteriophage T2 in a concentration-de- 
pendent manner, supporting the hypothesis that the 
amino-proximal extracellular loop of the protein con- 
fers T2 binding activity. Using an artificial neural net- 
work (NN) topology prediction method in combination 
with Gibbs motif sampling, a predicted topology of 
FadL within the outer membrane was developed. Ac- 
cording to this model, FadL spans the outer membrane 
20 times as antiparailei 0-strands. The 20 antiparallel 
0-strands are presumed to form a 0-barrel specific for 
long-chain fatty acids. On the basis of our previous 
studies evaluating the function of FadL using site- 
specific mutagenesis of the fadL gene, proteolysis of 
FadL within outer membranes, and studies using the 
FadL 28 " 160 peptide, the predicted extracellular regions 
between 0-strands 1 and 2 and 0-strands 3 and 4 are 
expected to contribute to a domain of the protein re- 

1 To whom correspondence should be addressed- Fax: (518) 262- 
8101. E-mail: blackp@mail.amc.edu. 
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quired for long-chain fatty acid and bacteriophage T2 
binding. The first trypsin-sensitive site (R 93 ) lies be- 
tween predicted /J-strands 3 and 4 while the second 
(R 3 * 4 ) is between 0-strands 17 and 18. The trypsin-re- 
sistant region of FadL is predicted to contain 13 anti- 
parallel 0-strands and contribute to the long-chain 
fatty acid specific channel. © 2000 Academic press 

Key Words: membrane; protein; long-chain fatty acid; 
transport. 



Imported fatty acids and fatty acid derivatives influ- 
ence a wide variety of cellular processes, including 
fatty acid and phospholipid synthesis, organelle inher- 
itance, vesicle fusion, protein export, protein modifica- 
tion, enzyme activation or deactivation, cell signaling, 
membrane permeability, bacterial pathogenesis, and 
transcriptional control (1-14). Thus it stands to reason 
that specific systems exist to regulate the import 
and/or export of these compounds. The cell is presented 
with a formidable challenge to transport exogenous 
long-chain fatty acids in part due to the low concentra- 
tion of free fatty acids found within the environment 
and extracellular milieu and in part due to the diver- 
sity and selective permeability of biological mem- 
branes. Information gleaned over the past 15 years 
supports the hypothesis that the transport of exoge- 
nous long-chain fatty acid into cells occurs by a protein- 
mediated process. This hypothesis is supported by the 
identification of specific membrane-bound proteins 
that appear to be required for long-chain fatty acid 
transport. 

Four distinct proteins believed to be involved in long- 
chain fatty acid transport have been described. The 
first is the outer membrane-bound fatty acid binding 
and transport protein FadL found in Escherichia coli 
and presumed to be present in most gram-negative 

0003-9861/00 $35.00 
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bacteria (15). FadL functions with an inner membrane 
associated fatty acyl-CoA synthetase (FACS) 2 to facil- 
itate the vectorial transport of long-chain fatty acids 
(15). It is generally held on the basis of genetic and 
functional data that transport and activation of long- 
chain fatty acids in this system are tightly coupled 
processes (15 and references therein). The second 
membrane-bound protein identified is fatty acid trans- 
locase (FAT, CD36) (16). FAT can be specifically mod- 
ified with sulfo-A/-succinimidyl oleate, which in turn 
blocks long-chain fatty acid transport. This protein has 
been described in a number of different eukaryotic cell 
types and is a member of a large family of scavenger 
proteins (16). The third protein, designated FABPpm 
(fatty acid binding protein-plasma membrane bound ), 
appears to be peripherally associated with the mem- 
brane and is identical to mitochondrial aspartate ami- 
notransferase, suggesting it may have a dual function 
(17, 18). The last fatty acid transport protein (FATP) 
was identified on the basis of functional and genetic 
studies in adipocytes and yeast. FATP is a member of 
the adeny late-forming superfamily of enzymes that in- 
clude the fatty acyl-CoA synthetases. Evidence to date 
suggests that FATP and FACS act in concert to facili- 
tate long-chain fatty acid transport (19-21). Despite 
the identification of the different proteins involved in 
fatty acid transport, little is known about their specific 
roles in this process, mechanisms of action, or struc- 
ture. 

Our laboratory has been instrumental in defining 
the components of, and evaluating the mechanism of, 
fatty acid transport in E. coli (15). In this system, the 
outer membrane long-chain fatty acid transport pro- 
tein FadL (encoded by the fadL gene) functions in 
concert with the inner membrane associated fatty acyl- 
CoA synthetase (encoded by the fadDgene) to promote 
the vectorial transport of long-chain fatty acids. The 
long-chain fatty acid binding and transport functions 
associated with FadL are experimentally distinguish- 
able. Long-chain fatty acid transport is routinely mea- 
sured in a whole-cell system containing both wild-type 
FadL and FACS. When the FACS structural gene is 
deleted, transport becomes inoperable and a long-chain 
fatty acid binding activity specific to FadL can be mea- 
sured. In general, the long-chain fatty acid binding 
activity of FadL is specifically disrupted by mutations 
encoding the amino-terminal region of the protein 
while the transport activity is disrupted by mutations 
corresponding to the carboxyl-terminal region (22-24). 
Furthermore, evidence from these mutagenesis studies 

2 Abbreviations used: NN, neural network; FACS, fatty acyl-CoA 
synthetase; FAT, fatty acid translocase; FABPpm, fatty acid binding 
protein-plasma membrane bound; FATP, fatty acid transport pro- 
tein; IPTG, isopropyl /3-D-thiogalactopyranoside; pfu, plaque-forming 
units. 



supports the proposal that there is a conformationally 
sensitive region linking these two regions of FadL (22). 
The amino-terminal region of FadL associated with 
long-chain fatty acid binding also appears to overlap 
the region required for binding bacteriophage T2 (22, 
24). The characteristic heat-modifiable property of 
FadL is contained within the carboxyl region of the 
protein (22). 

FadL binds exogenous long-chain fatty acids by a 
high-affinity process requiring both the acyl chain and 
the carboxylate. The binding of long- but not medium- 
chain fatty acids by FadL suggests the length of the 
hydrocarbon tail of the substrate defines binding spec- 
ificity (25). Oleoyl alcohol and methyl oleate are unable 
to compete for FadL-specific binding of [ 3 H]oleate, ar- 
guing the carboxylate of the long-chain fatty acid also 
contributes to binding (24). The aim of the present 
work was to develop a topological map of FadL consis- 
tent with the data previously obtained by directed mu- 
tagenesis as summarized above. Studies using limited 
proteolysis and peptide analyses were used to investi- 
gate the membrane topology and further define the 
functional domains of the bacterial fatty acid transport 
protein FadL. These data support the hypothesis that 
FadL traverses the outer membrane a number of times 
and contains specific elements within the amino termi- 
nus of the protein that are involved in the binding of 
bacteriophage T2. In addition, these studies have iden- 
tified a 289-amino-acid residue trypsin-resistant frag- 
ment of FadL, which is hypothesized to represent the 
majority of a membrane-bound long-chain fatty acid 
specific channel. The data accumulated here together 
with previous mutational analyses were compared to a 
topological map of FadL based largely on the 2D struc- 
tural prediction methods employing a neural network 
developed by Diederichs et al (27). 

MATERIALS AND METHODS 

Bacterial strains, bacteriophage T2, and growth conditions. The 
bacterial strains used in these studies were K12 (prototroph), E15 
{fadL ompF), and BL21 (ADE3/pLysS). Bacteria were routinely 
grown to mid-log phase in Luria broth (LB) or minimal medium E 
supplemented with vitamin Bi and the appropriate carbon source at 
37°C with aeration. When required to maintain plasmids, antibiotics 
were added to final concentrations of 100 \xg of ampicillinAnl or 40 /xg 
of chloramphenicol/ml. Bacterial growth was routinely monitored 
using a Klett-Summerson colorimeter equipped with a blue filter. 
Bacteriophage T2 was propagated on strain K12 and used as detailed 
previously (26). 

Induction of FadL and preparation of outer membranes. Strain 
BL21(ADE3)/pLysS transformed with pN132 was grown to mid-log 
phase in minimal medium E supplemented with dextrose (30). FadL 
expression was induced with isopropyl /3-D-thiogalactopyranoside 
(IPTG, 1 mM final concentration) and when necessary cells were 
treated with rifampicin (0.2 mg/1 ml) prior to labeling with [ 14 C]l- 
amino acids. Cells were subsequently harvested by centrifugation, 
washed in 10 mM Hepes, pH 7.0, 50 mM NaCl, and resuspended into 
the same buffer at a concentration of 5 x 10 8 cells/ml. The resus- 
pended samples were cooled on ice and cells lysed by sonication. The 
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cell lysate was clarified and total membranes in the resulting super- 
natant collected following centrifugation (75,000#; 30 min; TLS ro- 
tor, Beckman TL-100 ultracentrifuge). The membrane samples were 
resuspended in the same buffer and outer membranes separated 
from inner membranes as previously described using sucrose density 
gradients (31). The protein composition of the final outer membrane 
samples was monitored using SDS— polyacrylamide gel electrophore- 
sis (32). Labeled FadL was detected using autoradiography. 

For experiments evaluating the inactivation of bacteriophage T2, 
total and outer membranes containing unlabeled FadL were pre- 
pared as noted above from strain E15 (fadL ompF) transformed with 
pN130 (fadL + y under the control of its native promoter) or pA- 
CYC177 (vector control). 

Limited proteolysis of membranes containing FadL. Total mem- 
branes or isolated outer membranes containing u C-labeled FadL or 
FadL expressed from pN130 were subjected to limited proteolysis 
using increasing concentrations of trypsin. The protein concentra- 
tion within the membrane samples was held constant between 100 
and 125 ptg in a total volume of 50 pd. Trypsin was added (final 
enzyme concentrations ranged from 0 to 200 /xg/ml) to the FadL- 
containing membranes followed by incubation at 37 °C for 30 min. 
The resultant peptides were resolved on 15% SDS-polyacrylamide 
gels. Following electrophoresis, the gels were dried and subjected to 
autoradiography. To test protection of FadL from proteolysis by 
bacteriophage T2, bacteriophage T2 was added to membrane sample 
to give a final concentration of 2 X 10 6 pfu/ml and samples incubated 
12 h at 4°C prior to the addition of trypsin. 

Peptide sequence analysis. In order to define the protease-resis- 
tant peptide(s) within FadL, membranes (100-125 fxg of total pro- 
tein) containing u C-labeled FadL were treated with 20 fxg of trypsin 
for 30 min (37°C), peptides were separated on 15% SDS-polyacryl- 
amide gels, and samples were transferred to an immobilon mem- 
brane as previously described (30). To test the heat-modifiable prop- 
erty of FadL, samples (native and trypsin- treated) were either boiled 
or held at room temperature prior to electrophoresis. The pro tease- 
resistant peptides were identified by autoradiography, excised from 
the immobilon membrane, and sequenced using an automated gas- 
phase protein sequenator. 

Construction of pCG102 and expression and purification of6x -His- 
FadL 28 ' 160 . The coding sequence of the ammo-terminal region 
of FadL (encc>ding residues 28-160) was PCR amplified with 
UltimaTaq (Perkin-Elmer) using the forward primer L95 (5'-AAT- 
A GOATCC CAGO€TTTCAGTTAAACGAATTTTCTTCC-3 f ), the re- 
verse primer L98 ( 5 ' -T AAT AAGOTT GOTCC ATGO ATTATTTAAO- 
CGATACG-3'), and the template pN155 (fadL + ) (23). The amplicon 
was digested with BaniHl and Hindlll (sites underlined), purified, 
and ligated into the T7 RNA polymerase responsive expression plas- 
mid pRSET-C (Invitrogen). The final plasmid construction was des- 
ignated pGC102 and encodes residues 28-160 of FadL fused in frame 
downstream to a hexameric his ti dine tag (6x-His-FadL 281S0 ). 

For expression of 6x-His-FadL 28_1S0 , strain BL21(ADE3)/pLysS 
was transformed with pGCl02. The transformants were grown to 
mid-log phase in minimal medium E supplemented with dextrose. 
6x-His-FadL 28 " 160 expression was induced as detailed above except 
the samples were not treated with rifampicin or labeled with [ 14 C]l- 
amino acids. Following induction and growth, cells were harvested 
by centrifugation, resuspended, and lysed as detailed above. The 
lysates were clarified by centrifugation and the 6x-His-FadL 27-160 
peptide purified using Ni 2+ chelation chromatography as previously 
defined (33). Expression and purification of 6x-His-FadL 28 " 160 were 
monitored using SDS-polyacrylamide gel electrophoresis. 

Bacteriophage T2 inactivation. Bacteriophage T2 viability was 
monitored using the wild-type strain K12 as previously described 
(26). Isolated outer membranes prepared from a fadL strain, from a 
fadL + strain, and from a fadL + strain treated with trypsin as de- 
tailed above and the membrane containing 6x-His-FadL 28 " 160 were 



each incubated with 100 ixl of bacteriophage T2 (1 x 10 6 plaque- 
forming units (pfu)/ml) at 4°C for 12 h with continuous rotation. The 
protein concentrations within the isolated outer membranes with no 
FadL, containing FadL with or without trypsin treatment, 6x-His- 
FadL 28 " 160 , or ovalbumin (protein control) ranged between 0.1 and 
100 /xg/100 fxl. The samples were subjected to centrifugation and 
supernatants assayed for bacteriophage T2 activity. To assay bacte- 
riophage viability, the serial dilutions of the supernatants (100 fxl) 
were added to 100 (xl of strain K12 (grown to mid-log phase), the 
samples were incubated at 37°C for 30 min, soft agar was added, and 
the samples were plated on LB. Plaques were counted after 12 h of 
incubation at 37°C. The number of plaques with no FadL added was 
defined as 100% and all subsequent data adjusted accordingly. Data 
are presented as % pfu remaining following bacteriophage T2 inac- 
tivation, where 100% is equivalent to 1 X 10 6 pfu/ml. The data 
presented are from four independent experiments. 

Computer modeling of FadL to predict membrane topology. The 
topology of FadL within the outer membrane was predicted using the 
artificial neural network (NN) algorithm of Diederichs et al (27; 
http://loop8.biologie.uni-konstanz.de/~kay/om_topo_predict.html). 
Secondary structural predictions of FadL were also generated using 
the PHD algorithm of Rost and Sander (28; http://www.embl- 
heidelberg.de/predictprotem/predictprotein.html). Data identifying 
regions of FadL that are likely to form /3-strands using Gibbs motif 
sampling have been previously published by Neuwald et al. (29). 

General methods. Methods for DNA sequencing, restriction, liga- 
tion, and transformation followed established protocols (34). PCR 
amplification was performed using a Thermolyne Amplitron II with 
the indicated primers. Protein concentrations were estimated with 
the Bradford protein assay (Pierce), using bovine serum albumin as 
a standard. 



RESULTS 

In previous work we hypothesized the amino termi- 
nus of FadL specifically contributes to the binding of 
exogenous long-chain fatty acids while the carboxyl- 
terminal region specifically contributes to transport 
(22-24). Of particular note was the characterization of 
several linker mutations within fadL corresponding to 
carboxyl-terminal regions of the protein that resulted 
in defective transport and those corresponding to 
amino-terminal regions of the protein that resulted in 
defective binding and transport (22). In addition, sev- 
eral insertions and substitutions corresponding to the 
amino terminus of the protein were defective in bind- 
ing bacteriophage T2 while none corresponding to the 
carboxyl end of the protein were defective for this ac- 
tivity (22-24). From these data, we presumed the 
amino-terminal region of FadL was involved in fatty 
acid and bacteriophage T2 binding and that this region 
contributed to a surface-exposed domain. In contrast, 
the region involved in fatty acid transport was sug- 
gested to be membrane-bound. In order to further test 
this hypothesis, we employed proteolysis of FadL 
within the outer membrane coupled with functional 
analyses, studies using an amino-terminal FadL pep- 
tide, and topological predictions of FadL using artificial 
neural networks and Gibbs motif sampling. 
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FIG. 1. T7 RNA polymerase-responsive expression of FadL 
and targeting to the outer membrane. (A) Lane 1, isolated outer 
membranes containing FadL; lane 2, autoradiograph of lane 1 
showing that FadL can be specifically labeled with [ 14 C]L-amino 
acids. (B) Autoradiograph showing that FadL, expressed and tar- 
geted to the outer membrane, retains its characteristic heat- 
modifiable property Lane 1, outer membrane samples prepared at 
room temperature; lane 2, outer membrane samples prepared at 
100 °C prior to SDS-PAGE. Molecular weight standards are shown 
on the left. 



Induction, specific labeling with 14 C, and targeting of 
FadL to the outer membrane. In order to investigate 
the topology of FadL within the outer membrane, it 
was first necessary to develop a system where the 
protein was enriched in the outer membrane and spe- 
cifically labeled to aid identification. The FadL expres- 
sion plasmid, pN132, contains the entire fadL gene 
under the control of a T7 RNA polymerase responsive 
promoter. Using the bacterial strain BL21(ADE3)/ 
pLysS transformed with pN132, FadL was expressed 
at a high level and correctly targeted to the outer 
membrane. When E. coli RNA polymerase was inhib- 
ited with rifampicin, the only protein made was FadL, 
which was under the control of the rifampicin-resistant 
T7 RNA polymerase responsive promoter. Addition of 
[ 14 C]l- amino acids as the only source of amino acids in 
the growth media resulted in specific labeling of the 
target protein, FadL (Fig. 1A). One parameter, which 
we routinely use to assess whether FadL is appropri- 
ately folded within the outer membrane, is its charac- 
teristic heat-modifiable property (35). FadL expressed 
from pN132 is specifically labeled, is correctly targeted 
to the outer membrane, and maintains its characteris- 
tic heat-modifiable property (Fig. IB). 



Proteolysis of FadL within isolated outer membranes 
defines a protease-resistant fragment. Isolated outer 
membranes containing 14 C-labeled FadL were treated 
with increasing concentrations of trypsin for 30 min at 
37°C (Fig. 2). Mature FadL (residues 28-448) contains 
27 potential trypsin cleavage sites. As the concentra- 
tion of trypsin increased, the intensity of the 43,000 M r 
FadL band decreased. This was accompanied by the 
appearance of a 35,000 M r FadL peptide followed by 
the appearance of a 29,500 M T peptide. These results 
suggested that the try psinoly sis of FadL occurred in a 
stepwise fashion, initially yielding a peptide with an 
M r of 35,000 followed by a peptide with an M r of 
29,500. As no peptides smaller than 29,500 M T were 
detected, these results are consistent with the conclu- 
sion that the 29,500 M r peptide of FadL is resistant to 
proteolysis. The 29,500 M r peptide was not further 
degraded when incubated with trypsin for up to 18 h 
(data not shown). The trypsin-resistant property of this 
FadL peptide may be the result of both protection by 
the outer membrane and the tertiary structure arising 
from the predicted multiple transmembrane /3-strands. 
The 29,500 M r FadL peptide could also be generated in 
whole cells following specific labeling and treatment 
with trypsin, supporting the notion that the trypsin- 
sensitive sites in FadL reside at the outer membrane 
surface (data not shown). The 29,500 M T FadL peptide 
is speculated to represent the majority of membrane- 
bound region of the protein comprising the long-chain 
fatty acid specific channel. 

The data demonstrated FadL was cleaved in a step- 
wise fashion, first yielding a 35,000 M T peptide fol- 
lowed by a 29,500 M r peptide. As noted above, the 
mature form of FadL (residues 28-448) contains 27 
potential trypsin cleavage sites. Using these as a 
guide, we predicted that the sites following R 93 and R 162 
would give rise to the 29,500 M r peptide in a sequential 
fashion. 

In order to define the trypsin cleavage site giving rise 
to the 29,500 M r peptide, outer membranes containing 
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FIG. 2. l4 C-Labeled FadL peptides within the outer membrane 
following proteolysis with trypsin separated on 15% SDS-polyacryl- 
amide gels and identified by autoradiography. Lane 1, no trypsin; 
lanes 2-7, trypsin at 1, 2, 4, 6, 8, and 10 p.g, respectively. The M t of 
FadL and FadL peptides is noted on the left. 
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FIG. 3. Trypsin treatment of FadL does not generate a heat-mod- 
ifiable peptide. Following expression and specific labeling with 
[ 14 C]L-amino acids, FadL was treated with trypsin under conditions 
that yielded the 29,500 M v peptide (20 \ig of trypsin for 30 min) and 
the samples prepared for SDS-PAGE and either held at room tem- 
perature (lanes 1 and 3) or boiled (lanes 2 and 4). Samples 3 and 4 
were treated with trypsin as described under Materials and Meth- 
ods. The band shown in lane 3 was transferred to an immobilon 
membrane and subjected to sequence analysis. 



FadL were proteolyzed and resolved by SDS-polyacryl- 
amide gel electrophoresis, and the 29,500 M r peptide 
was transferred to an immobilon membrane. Auto- 
mated Edman degradation denned the N-terminal se- 
quence of this peptide as 94 S-L-K-A-D-N-I-A-P-T-A 104 , 
corresponding to the first predicted trypsin cleavage 
site following R 93 . There was no evidence that cleavage 
was taking place at the second predicted site (following 
R 162 ), supporting the notion that this region of the 
protein is not accessible to the protease. Since cleavage 
following R 93 would result in a peptide with an M r of 
35,000-36,000, we reasoned that there must be a sec- 
ond, carboxyl-terminal trypsin-accessible site, which 
upon cleavage would yield the 29,500 M r peptide. By 
comparing the potential trypsin cleavage sites pre- 
dicted by computer analysis of the primary amino acid 
sequence of FadL as a guide, we hypothesized the 
second cleavage site must occur after R 384 or R 393 to give 
the 29,500 M r peptide. 

We initially tested whether the protein, following 
proteolysis with trypsin, resulted in a heat-modifiable 
peptide (35). To our surprise, we found the proteolyzed 
protein, when treated with SDS at room temperature, 
had an M r of 33,000, equivalent to the nonproteolyzed 
FadL, while the boiled sample resulted in the 29,500 
M r peptide (Fig. 3). These results suggested that de- 
spite proteolysis and treatment with SDS at room tem- 
perature, FadL retained sufficient tertiary structure to 
run as a 33,000 M r protein. With this in mind, we 
transferred the 33,000 M r protein to immobilon follow- 
ing proteolysis and electrophoresis for sequence anal- 
ysis using automated Edman degradation. This analy- 
sis identified three major peptides. The first, 28 A-G-F- 
Q-L-N-E-F-S-S-S 38 , represents the N-terminal peptide 
of the mature protein; the second was the same as 
previously defined ( 94 S-L-K-A-D-N-I-A-P-T-A 104 ); and 
the final followed R 384 ( 385 S-I-S-I-P-D-Q-D-R-F-W 395 ). 



On the basis of this information, we propose the 29,500 
M r protease-resistant peptide of FadL lies between 
residues 94 and 384 of FadL. It seems likely that this 
region of the protein contributes to an integral mem- 
brane component that forms the long-chain fatty acid 
specific channel. 

Proteolysis of membrane-bound FadL In the presence 
of bacteriophage T2. FadL serves as an outer mem- 
brane receptor for bacteriophage T2. Previous work 
has identified mutations within fadL within the amino- 
terminal region (insertions between residues 40 and 41 
and between residues 80 and 81, respectively) of the 
protein that are defective in bacteriophage T2 binding 
(22). On the basis of these data, we hypothesized the T2 
binding site resides within this region of the protein 
and is externally exposed. Binding of T2 to FadL is 
therefore expected to protect this portion of the protein 
involved in receptor activity from digestion with tryp- 
sin. The proteolysis of FadL with isolated outer mem- 
branes was carried out in the presence of bacterio- 
phage T2 (Fig. 4). These experiments showed the 
35,000 M r FadL peptide, and not the 29,500 M r pep- 
tide, was produced, suggesting the bacteriophage par- 
ticles partially protected FadL from proteolysis with 
trypsin. As our earlier studies showed that specific 
mutations within the amino terminus of the protein 
depressed bacteriophage T2 plating efficiency, we sus- 
pected the 35,000 M r peptide resulted from trypsin 
cleavage at R 384 , supporting the hypothesis that the T2 
binding domain is found within the amino-terminal 
region of FadL (22). Thus on the basis of these data, we 
propose bacteriophage T2 bound to FadL specifically 
blocks trypsin accessibility to the amino-terminal re- 
gion of the protein at position R 93 . 

Inactivatlon of bacteriophage T2 by FadL. In order 
to test the hypothesis that the bacteriophage T2 bind- 
ing domain of FadL resides within the amino terminus 
of the protein, outer membranes were prepared from 
strain E15 (ompF fadL) transformed with pAYCY177 
(control) or pN130 (fadL + \ The plasmid pN130 fully 
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FIG. 4. Bacteriophage T2 partially protects FadL from trypsinoly- 
sis. Outer membranes containing l4 C-labeled FadL were prepared 
and incubated with buffer (A) or with 1 X 10 6 pfu/ml of bacteriophage 
T2 (B) prior to incubation with trypsin. Samples were separated on 
15% SDS-polyacrylamide gels and subjected to autoradiography. 
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FIG. 5. Bacteriophage T2 binding to FadL is eliminated following trypsinolysis of outer membranes containing FadL. (A) Percentage of 
plaque-forming units (pfu) remaining following incubation with increasing concentrations of outer membranes containing FadL. (B) 
Percentage of pfu remaining following incubation with increasing concentrations of outer membranes prepared from a fadL strain. (C) 
Percentage of pfu remaining following incubation with increasing concentration of outer membranes containing FadL and incubated with 
trypsin. Protein concentrations are given in ptg of total protein/ml and bacteriophage T2 was held constant at 1 X 10 6 pfu/ml (100% pfu 
corresponds to 1 x 10 6 bacteriophage T2 particles). 



restores growth of strain E15 in oleate minimal media 
and the ability to transport long-chain fatty acids at 
wild-type levels. Outer membranes lacking or contain- 
ing FadL were incubated with bacteriophage T2 (1 X 
10 6 pfu/ml) for 12 h at 4°C. The membrane-bound T2 
particles in both samples were removed by centrifuga- 
tion and the supernatants assayed for bacteriophage 
T2 by monitoring the efficiency of plating on the wild- 
type strain K12. As illustrated in Fig. 5A, membranes 
containing FadL could efficiently remove bacterio- 
phage T2 in a protein concentration dependent man- 
ner. When outer membranes were prepared from the 
fadL strain E15 transformed with only the plasmid 
vector, no such inactivation of bacteriophage T2 was 
observed (Fig. 5B). 

Using this experimental approach, we tested the ef- 
fects of proteolysis of FadL on bacteriophage T2 bind- 
ing. Purified outer membranes containing FadL were 
treated with trypsin as detailed above, extensively 
washed, and mixed with bacteriophage T2 (1 X 10 6 
pfu/ml), and the supernatants were assayed for bacte- 
riophage T2 activity. As illustrated in Fig. 7C, these 
membranes were unable to bind T2. In fact, these 
membranes appeared nearly identical to those lacking 
FadL (Fig. 5B). These observations were fully in sup- 
port of the bacteriophage T2 proteolysis protection 
data. 

The bacteriophage T2 binding domain of FadL re- 
sides within the FadL peptide 28-160. The data de- 
tailed above coupled with our previous mutagenesis 
studies on fadL supported the notion that the amino 
terminus of FadL contains sequence elements respon- 
sible for binding bacteriophage T2. In order to test this 
possibility, an expression plasmid encoding an amino- 
terminal proximal peptide of FadL was constructed. 



The expression plasmid, pGC102, encodes the FadL 
peptide corresponding to residues 28-160 of the pro- 
tein preceded by a hexameric histidine tag (6X-His- 
FadL 28 " 160 ). 6X-His-FadL 28 - 160 was expressed at high 
levels following induction with IPTG (Fig. 6A) and 
could be purified using Ni 2+ chelation chromatography 
(Fig. 6B). 

6X-His-FadL 28160 was tested for ability to inactivate 
bacteriophage T2 as described under Materials and 
Methods. As illustrated in Fig. 7, efficiency of plating 
on strain K12 decreases sharply with increasing con- 
centrations of 6X-His-FadL 28 " 160 . These data are con- 
sistent with this peptide specifically inactivating bac- 
teriophage T2. As a control, commercially available 
ovalbumin was used at the same concentrations. In- 
creasing the concentration of ovalbumin had no effect 
on the efficiency of plating bacteriophage T2 (Fig. 7). 



1 2 3 




FIG. 6. Expression and purification of 6x-His-FadL 28_l6 °. Lane 1, 
SDS— poly aery lamide gel of whole-cell extract following induction of 
6x-His-FadL 28 ' 160 ; lanes 2 and 3; aliquots of fractions eluting be- 
tween 300 and 400 mM imidazole containing the purified protein. 
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FIG. 7. Inactivation of bacteriophage T2 with 6x-His-FadL 28160 
(A); ovalbumin at the same protein concentrations was used as a 
control (B). Experimental details are the same as described in the 
legend to Fig. 6. 

Development of a topological map of FadL within the 
outer membrane. On the basis of the studies de- 
scribed above and in conjunction with the results of 
site-specific mutagenesis of fadL, the amino terminus 
of the protein binds both bacteriophage T2 and long- 
chain fatty acids while the carboxyl terminus contrib- 
utes to protein stability and fatty acid transport. We 
employed the 2D prediction methods using an artificial 
neural network developed by Diederichs et ah (27) to 
predict the topology of FadL within the outer mem- 
brane. This method is consistent with experimental 
topological data of a number of outer membrane pro- 
teins containing /3-strands (27) and predicts FadL 
spans the outer membrane at least 20 times (Fig. 8). A 
second approach to evaluate outer membrane protein 
topology is Gibbs motif sampling (29). This method, 
using different indices of discrimination, identified six 
regions of FadL predicted to span the outer membrane 
as /3-strands (29). These six regions correspond to 
membrane-spanning segments 3, 7, 16, 17, 19, and 20 
noted in Fig. 8 expected based upon the 2D prediction 
methods. The two trypsin cleavage sites identified in 
this work (R 93 and R 384 ) are predicted to be in exter- 
nally exposed loops (II and IX, respectively). 

There are a number of features of this predicted 
outer membrane topology which are supported by our 
previous data using site-specific mutagenesis of the 
fadL gene, our present data using proteolysis of FadL 
within the outer membrane, and our studies using the 
FadL 28 " 160 peptide. The extracellular domain between 
/3-strands 3 and 4 is predicted to have a-helical char- 
acter on the basis of the PHD algorithm of Rost and 
Sander (28). This putative external domain contains 
His 110 , which we have shown is involved in long-chain 
fatty acid binding (24). The fadLHl (insertion of R-I 
between residues 40 and 41; in predicted /3-strand 1) 
and fadLH2 (insertion of D-F between residues 81 and 



82; in predicted /3-strand 3) alleles each result in al- 
tered FadL proteins that are defective in fatty acid 
binding (22). fadLHl results in a protein which is 
defective for bacteriophage T2 binding while fadLH2 
results in a protein which only slightly depresses bac- 
teriophage T2 plating efficiency (22). As detailed above, 
a peptide including the region of FadL defective in 
these two alleles (FadL 28-160 ) specifically inactivates 
bacteriophage T2. Furthermore, disruption of this re- 
gion of the protein upon proteolysis (A28-93) elimi- 
nates the bacteriophage T2 binding activity associated 
with the protein. The fadLH3 allele (insertion of D-F 
between residues 238 and 239; in a periplasmic loop 
between /3-strands 10 and 11) results in a protein with 
defective long-chain fatty acid binding but has moder- 
ate levels of transport. This differs from the three 
previous alleles that have very low levels of long-chain 
fatty acid binding and transport. The biochemical phe- 
notype of fadLH3is consistent with the notion that the 
fatty acid specific channel is accessible, or "open." In 
this regard, the D-F insertion between residues 238 
and 239 may have identified a region of FadL that is 
conform ationally sensitive and upon fatty acid binding 
provides access to a fatty acid specific channel. The 
fadL alleles which result in defective fatty acid trans- 
port (while retaining either a wild-type or nearly wild- 
type long-chain fatty acid binding) are clustered to- 
ward the carboxyl terminus of the protein (includes 
fadLS397Nand fadLF448S) (22, 23). The fadLSl al- 
lele encodes a protein (insertion of D-F between resi- 
dues 410 and 411; in predicted /3-strand 19) defective in 
long-chain fatty acid transport. This protein also lacks 
the characteristic heat-modifiable property of FadL, 
suggesting the membrane- spanning /3-strand contain- 
ing residues 410 and 411 is crucial for maintaining the 
tertiary structure of the mature protein (22). In addi- 
tion, the fadLDl and fadLD2 alleles (corresponding to 
4 and 8 amino acid deletions in the carboxyl-terminal 
region of FadL, respectively) also result in proteins 
lacking the heat-modifiable property, suggesting that 
the carboxyl end of FadL is essential for maintaining 
the integrity of the protein within the outer membrane 
(23). Several fadL alleles corresponding to the car- 
boxyl-terminal region of the protein (fadLV410D and 
fadLP428A) have lowered long-chain fatty acid binding 
and transport activities, suggesting this region also 
contributes to ligand binding (23). 

DISCUSSION 

The transport of long-chain fatty acids into E. coli 
occurs via a highly specific process that requires the 
outer membrane protein FadL. This protein is pre- 
sumed to form a fatty acid specific channel and is 
hypothesized to contain amino-terminal proximal se- 
quence elements involved in long-chain fatty acid and 
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FIG. 8. (A) Topology plot for FadL from E. coli predicted using the artificial neural network developed by Diederichs et al. (27). Roman 
numerals (I-X) above the plot denote positions of NN-predicted extracellular loops with high z values of C-a. The boxes correspond to the 
regions of the protein predicted to have membrane-spanning j3-strands based upon Gibbs motif sampling (28) and are numbered to 
correspond with predicted /3-strains shown in B while the bold arrows denote the trypsin-sensitive sites. A number of mutations within fadL 
are also shown as reference and are discussed in the text (linker mutations fadLHl {HI), fadLH2 (H2), fadLH3 (H3), fadLH5 (HS) y and 
fadLSl (57) are noted by the bold triangles and specific substitutions are noted by the asterisks and single-sided arrows. FadL 28 " 160 denotes 
the FadL peptide that specifically inactivates bacteriophage T2. (B).The predicted topology of FadL within the outer membrane. The 
predicted /3-strands (shown as arrows) are numbered 1-20, the roman numerals (I-X) correspond to the same regions noted in A, and the bold 
arrows correspond to the trypsin-sensitive sites. 



bacteriophage T2 binding. The proteolysis studies sug- 
gest at least three structural domains of FadL: (1) an 
amino-terminal protease sensitive domain required for 
bacteriophage T2 binding; (2) a carboxyl-terminal pro- 
tease sensitive region proposed to be involved in facil- 
itating long-chain fatty acid transport; and (3) a cen- 
tral, protease-resistant region predicted to be integral 
to the outer membrane. The predicted topology of FadL 
as illustrated in Fig. 8 using the 2D prediction methods 
developed by Diederichs et al (27) coupled with previ- 



ous data generated using Gibbs motif sampling is sup- 
ported by the proteolysis and peptide analyses pre- 
sented in the present work. 

This predicted topology of FadL highlights several 
interesting features of this protein. Like other outer 
membrane proteins involved in nutrient transport, this 
protein is predicted to contain an even number of mem- 
brane-spanning antiparallel /3-strands. The approxi- 
mate positions of the tyrosine and phenylalanine resi- 
dues in the predicted membrane-spanning segments 
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are consistent with their postulated roles in forming an 
aromatic girdle (36). On the basis of the predicted 
topology of FadL, an a-helical region that includes a 
glutamine-rich region (^QIMQSPAGQTQQGQ 209 ) re- 
sides on the extracellular face (loop V) of the outer 
membrane. While the function of this stretch of glu- 
tamine residues is unknown, it is interesting to note 
that it is linked by /3-strand 10 to the periplasmic loop 
that is postulated to be conform ationally sensitive (22). 
This proposed periplasmic loop in FadL is defective in 
the fadLH3 allele {insertion of D-F between residues 
238 and 239) and results in a mutant protein that has 
an open, or accessible, long-chain fatty acid channel 
(22). FadLH3 confers long-chain fatty acid transport 
levels that are 40% wild type but has long-chain fatty 
acid binding levels that are only slightly above back- 
ground (>5% wild-type binding). 

Like most outer membrane proteins that form a 
/3-barrel, the carboxyl end of FadL contains a terminal 
phenylalanine residue. Deletion of the terminal four or 
eight residues of FadL (fadLDl and fadLDZ), resulting 
in a truncated form of FadL with F 444 or F 440 as the 
terminal residues, respectively, results in proteins that 
are unstable and thus unable to function in both bind- 
ing and transport of long-chain fatty acids (23). Like 
other outer membrane proteins, this region of FadL 
may well interact with elements in the amino-terminal 
portion of the protein to stabilize what we presume is a 
long-chain fatty acid specific channel. 

The proposed topology of FadL also agrees with the 
protease data generated in the present study. We have 
identified a 29,500 M T trypsin-resistant peptide of 
FadL corresponding to the region of the protein from 
S 94 to R 384 . The trypsin cleavage sites following R 93 and 
R 384 are both predicted to be exposed at the external 
face of the outer membrane. R 93 is presumed to lie 
between /3-strands 3 and 4 while R 384 is between 
/3-strands 17 and 18. The region of FadL that is pro- 
tease-resistant is likely to include the major compo- 
nents of the channel specific for long-chain fatty acids. 
The present data have further demonstrated the region 
of FadL contributing to the binding of bacteriophage 
T2 is trypsin-sensitive. Through the use of a FadL- 
specific peptide that corresponds to the ammo-terminal 
region of the mature protein, we have shown that the 
bacteriophage T2 binding domain is contained within 
this region. These data are in complete agreement with 
previous mutagenesis studies demonstrating that mu- 
tations within the amino-terminal domain of FadL af- 
fect the efficiency of plating bacteriophage T2. 

The long-chain fatty acid transport protein FadL 
represents the gate linking the import and activation 
of long-chain fatty acids to transcriptional control me- 
diated through the fatty acyl-CoA-responsive tran- 
scription factor FadR (15, 37). The trafficking of exog- 
enous long-chain fatty acids represents a simple, yet 



elegant, signal transduction pathway that allows the 
cell to optimize the expression or repression of genes in 
response to exogenous long-chain fatty acids. In this 
regard, FadL acts as an environmental sensor, which 
through the activity of fatty acyl-CoA synthetase al- 
lows the cell to respond to environmental fatty acids. 

On the basis of information presented in this work, 
we presume that FadL is embedded in the outer mem- 
brane and facilitates the binding and transport of ex- 
ogenous long-chain fatty acids. If the topology pre- 
dicted for FadL is correct, elements within the amino- 
terminal region of the protein contribute to long-chain 
fatty acid binding. The long-chain fatty acid binding 
region of the protein, therefore, overlaps the region 
that we have shown is involved in binding bacterio- 
phage T2. This topology also predicts that FadL as- 
sumes a tertiary conformation like other outer mem- 
brane proteins, resulting in the juxtaposition of the 
amino and carboxyl ends to form a /3-barrel specific for 
long-chain fatty acids. It appears that FadL, like FhuA, 
contains elements within the amino-terminal region 
that contribute to substrate binding and elements that 
are conform ationally sensitive (38). 

Given the role of FadL in the uptake of long-chain 
fatty acids, one may question why such a system has 
evolved in E. coli and other gram-negative bacteria (for 
comparisons, refer to http://www.tigr.org). The answer 
must lie in maximizing the response to the nutritional 
needs of the cell by specifically adjusting the metabolic 
circuitry required for fatty acid transport, activation, 
and degradation. As importantly, these adjustments 
may provide a protective mechanism required for the 
cell, for example under conditions of stasis and stress 
and for pathogenesis. It has recently been shown that 
the expression of the fatty acid degradative genes in E. 
coll (including fadL) are induced during stasis, which, 
we presume, reflects a protective mechanism (39). 
Likewise it has been shown that fadF and fadB in 
Salmonella typhimurium are induced during early 
stages of pathogenesis, implying that the other genes 
required for fatty acid import, activation, and degrada- 
tion are likely to be induced as well (10, 11). As S. 
typhimurium has a FadL homologue, its structural 
gene ( fadL) is likely to be regulated in concert with 
fadF and fadB and thus play a pivotal role in patho- 
genesis. Again, this must reflect the generation of a 
protective mechanism for the cell that proceeds 
through fatty acid transport and activation to fatty 
acyl-CoA-responsive transcriptional control. 
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Abstract: We have developed a new cell surface display 
system using a major outer membrane protein of Pseudo- 
monas aeruginosa OprF as an anchoring motif. Pseudo- 
monas fluorescens SIK W1 lipase gene was fused to the 
truncated oprFgene by C-terminal deletion fusion strategy. 
The truncated OprF-lipase fusion protein was successfully 
displayed on the surface of Escherichia coli. Localization 
of the truncated OprF-lipase fusion protein was confirmed 
by western blot analysis, immunofluorescence micros- 
copy, and whole-cell lipase activity. To examine the enzy- 
matic characteristics of the cell surface displayed lipase, 
the whole-cell enzyme activity and stability were deter- 
mined under various conditions. Cell surface displayed 
lipase showed the highest activity at 37°C and pH 8.0. It 
retained over 80% of initial activity after incubation for a 
week in both aqueous solution and organic solvent. When 
the E. coli cells displaying lipases were used for enantio- 
selective resolution of racemic 1 -phenylethanol in hexane, 
(/?)-phenyl ethyl acetate was successfully obtained with 
the enantiomeric excess of greater than 96% in 36 h of 
reaction. These results suggest that E. coli cells displaying 
lipases using OprF as an anchoring motif can be employed 
for various biotechnological applications both in aqueous 
and nonaqueous phases. © 2005 Wiley Periodicals, Inc. 
Keywords: enantioselective resolution; cell surface display; 
recombinant E. coli; OprF; lipase; whole-cell biocatalyst 



INTRODUCTION 

Recently, enzymatic transformation of chemicals for the 
production of enantiomerically pure compounds has been 
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drawing much research attention (Burton et al., 2002; 
Koeller and Wong, 2001). Numerous enzymes including 
amidase, lipase, protease, epoxide hydrolase, cytochrome 
P450. peroxidase, monooxygenase, aldolase, decarboxylase, 
and dehydrogenase have been applied in various enantio- 
selective reactions (Drauz and Waldmann, 2002; Patel, 
2000). Lipase (triacylglycerol acylhydrolase, EC 3.1.1.3) 
has been the most popular enzyme for this purpose, as it 
catalyzes enantioselective hydrolysis and transesterification 
reaction using a broad spectrum of substrates (Jaeger et al., 
1999). Many enantiomerically pure compounds have been 
produced by regio- and enantioselective reactions catalyzed 
by lipase such as kinetic resolution of 1 -phenylethanol 
(Schofer et al., 2001) and a-methylene p-lactams (Adam 
et al., 2000), and dynamic kinetic resolution of hemi- 
aminals (Sharfuddin et al., 2003) and esters (Pamies and 
Backvall, 2002). However, the use of crude lipases often 
causes problems such as reduced enantio selectivity and 
product yield and the presence of impurities. The use of a 
highly purified enzyme or an immobilized enzyme can 
partially solve these problems. However, enzyme insta- 
bility and the more expensive process become new prob- 
lems (Lalonde et al., 1997). As an alternative, cell surface 
displayed lipase can be used as an enantioselective bio- 
catalyst (Matsumoto et al., 2004). 

Cell surface display allows display of peptides or pro- 
teins on the surface of microorganism by appropriately 
fusing them to surface anchoring motifs (Georgiou et al., 
1997; Lee et al., 2003; Wittrup, 2001). The anchoring mo- 
tifs that have been employed include various outer mem- 
brane proteins, lipoproteins, autotransporters, subunits of 
surface appendages, and S -layer proteins (Georgiou et al., 
1997; Jung et al., 1998; Lee et al., 2003). Among these, outer 
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membrane proteins have widely been used as anchoring 
motifs for the display of peptides and proteins because 
they have several merits such as efficient secretory sig- 
nal, unique membrane- spanning structures providing fu- 
sion sites, and strong anchoring structures. Outer membrane 
proteins including OmpA, OprF, OmpS, FadL, LamB, PhoE, 
OmpC, and Lpp-OmpA have been successfully used as 
anchoring motifs for displaying various peptides and pro- 
teins (Benhar, 2001; Samuelson et al., 2002; Xu and Lee, 
1999). However, only a few anchoring motifs have been 
able to display relatively large enzymes (Lee et al., 2003). 
Furthermore, each anchoring motif has been found to 
have different capacities in displaying proteins, which 
makes it necessary to develop a range of anchoring motifs 
for displaying proteins of various sizes and different char- 
acteristics (Lee et al., 2003). 

The OprF is a major outer membrane protein of Pseu- 
domonas aeruginosa. This protein functions as a nonspecific 
porin to allow the passage of small hydrophilic molecules, 
plays a structural role in maintaining cell shape and outer 
membrane integrity, and is required for growth under low 
osmolality (Nikaido et al., 1991; Rawling et al., 1995). The 
structure of OprF has been proposed to consist of three 
domains, the N-terminal forming |3-barrel structure, a loop 
or hinge region, and the C-terminal associated with 
peptidoglycan (Rawling et al., 1998; Woodruff et al., 1986). 

In this paper, we constructed a system for the display of 
Pseudomonas fluorescens SIK Wl lipase (49.9 kDa) using 
OprF as an anchoring motif, and examined the biocatalytic 
applications of recombinant Escherichia coli displaying 
lipase on the cell surface. As an important application, 
enantioselective transesterification of 1 -phenylethanol in 
the nonaqueous phase was demonstrated (Fig. 1). 

MATERIALS AND METHODS 

Bacterial Strains and Growth Condition 

E. coli XLIO-Gold (Tet r A(mcrA)183 A (mcrCB-hsdSMR- 
mrr)173 endAl supE44 thi-1 recAl gyrA96 relAl lac Hte 
[P proAB lacFZAMIS TnlO (Tet r ) Amy Cam r ]; Stratagene 




(S)-l-phenyl ethanol (R)-l-phenylethyl acetate 

Figure 1. Reaction scheme for the enantioselective resolution of 1- 
phenylethanol in hexane using cell surface displayed lipase. 



Cloning System, La Jolla, CA) was used as a host strain 
for general cloning works and surface display studies. 
Recombinant cells were cultivated in Luria-Bertani (LB) 
medium (10 g/L bacto-tryptone, 5 g/L bacto-yeast extract, 
and 5 g/L NaCl) supplemented with 50 mg/L of ampicillin 
at 37 °C and 250 rpm. For the production of recombinant 
proteins, cells were induced with 0.1 or 1 mM isopropyl-p- 
D-thiogalactopyranoside (IPTG) at the OD 60 o of 0.4 and 
further cultured for 4 h. 



DNA Manipulation 

Polymerase chain reaction (PCR) was performed with the 
PCR Thermal Cycler MP (Takara Shuzo Co., Shiga, Japan) 
using Expand® High-Fidelity PCR System (Roche Molec- 
ular Biochemicals, Mannheim, Germany). DNA sequenc- 
ing was carried out using the BigDye terminator cycle 
sequencing kit (PerkinElmer Co., Boston, MA), Taq poly- 
merase, and ABI Prism® 377 DNA sequencer (PerkinElmer 
Co.). All DNA manipulations including restriction digestion, 
ligation, and agarose gel electrophoresis were carried out by 
standard procedures (Sambrook and Russell, 2001). 

Plasmids and primers used in this study are listed in 
Tables I and II, respectively. P. aeruginosa oprF and P. fluo- 
rescens SIK Wl lipase genes were amplified from the 
genomic DNA of P. aeruginosa and P. fluorescens SIK Wl 
using the primers designed based on the reported DNA 
sequences (Ahn et al., 1999; Stover et al., 2000). 

Western Blotting 

Proteins in the whole-cell ly sates and membrane fraction 
were analyzed by 12% (wt/vol) SDS-PAGE. Outer mem- 
brane proteins were prepared as follows. Culture broth 
(3 mL) was centrifuged at 3,500g for 5 min at 4°C. The cell 
pellet was washed with 1 mL of 10 mM Na 2 HP0 4 buffer 
(pH 7.2), centrifuged at 3,500g for 5 min at 4°C, and 
resuspended in 0.5 mL of 10 mM Na 2 HP0 4 buffer (pH 7.2). 
Crude extracts of recombinant E. coli cells were prepared 
by three cycles of sonication (each for 20 s at 15% of maxi- 
mum output; High-Intensity Ultrasonic Liquid Processors, 
Sonic s & Material Inc., Newtown, CT). Partially disrupted 
cells were removed by centrifugation of sonicated samples 
at 12,000g for 2 min at room temperature. Membrane pro- 
teins and the lipid layer were isolated by centrifugation 
at 12,000g for 30 min at 4°C, followed by resuspension in 
0.5 mL of 10 mM Na 2 HP0 4 buffer (pH 7.2) containing 
0.5% (wt/vol) sarcosyl. After incubation at 37 °C for 30 min, 
insoluble pellet containing membrane proteins was ob- 
tained by centrifugation at 12,000g for 30 min at 4°C. 
Membrane proteins were obtained by washing the insoluble 
pellet with 10 mM Na 2 HP0 4 buffer (pH 7.2) followed by 
resuspending in 50 juL of TE buffer (pH 8.0). 

Western blot analysis was carried out following the 
standard procedure (Sambrook and Russell, 2001). For the 
immunodetection of the fusion protein, rat anti-lipase probe 
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Table I. Plasmids used in the study. 



Plasmid 



Relevant characteristics 



Reference 



pTac99A Ap r ; tac promoter; 5.7 kb Park and Lee, 2003 

pTacOprF164 pTac99A derivative; containing 564-bp fragment of This study 

oprF of P. aeruginosa', 6.2 kb 
pTacOprF188 pTac99A derivative; containing 636-bp fragment of This study 

oprF of P. aeruginosa; 6.3 kb 
pTacOprF196 pTac99A derivative; containing 660-bp fragment of This study 

oprF of P. aeruginosa; 6.3 kb 
pTacOprF213 pTac99A derivative; containing 711-bp fragment of This study 

oprF of P. aeruginosa; 6.4 kb 
pTacOprF164E pTac99A derivative; containing 564-bp fragment of This study 

oprF of P. aeruginosa and the stop codon; 6.2 kb 
pTacOprF188E pTac99A derivative; containing 636-bp fragment of This study 

oprF of P. aeruginosa and the stop codon; 6.3 kb 
pTacOprF196E pTac99A derivative; containing 660-bp fragment of This study 

oprF of P. aeruginosa and the stop codon; 6.3 kb 
pTacOprF213E pTac99A derivative; containing 771-bp fragment of This study 

oprF of P. aeruginosa and the stop codon; 6.4 kb 
pTacOprF164PL pTacOprF164 derivative; P. fluoresces SIK Wl This study 

lipase gene; 7.6 kb 

pTacOprF188PL pTacOprF188 derivative; P. fluoresces SIK Wl This study 

lipase gene; 7.7 kb 

pTacOprF196PL pTacOprF196 derivative; P. fluoresces SIK Wl This study 

lipase gene; 7.7 kb 

pTacOprF213PL pTacOprF213 derivative; P. fluoresces SIK Wl This study 

lipase gene; 7.8 kb 

pTacPL pTac99A derivative; P. fluoresces SIK Wl lipase This study 

gene; 7.1 kb 



antibodies (Peptron, Daejeon, Korea) and rabbit anti-rat 
immunoglobulin G (IgG) -horseradish peroxidase (HRP) 
conjugate (Sigma, St. Louis, MO) were used. The light- 
emitting nonradioactive ECL kit (Amersham Life Sciences, 
Buckinghamshire, U.K.) was used for signal detection. 



Immunofluorescence Microscopy 

For immunofluorescence microscopy, cells were harvested 
by centrifugation for 5 min at 3,500g and 4°C, washed with 
and resuspended in phosphate-buffered saline (PBS) 



Table II. List of primers used in PCR experiments. 


Primer sequence a 


Gene to be amplified 


Template 


5 - ggaattcatgaaactgaagaacaccttaggc 


Truncated oprF164 


P. aeruginosa PAOl 


5-gctctagatttcgaaccaccgaagttgaag 




chromosome 


5-ggaattcatgaaactgaagaacaccttaggc 


Truncated oprF\6A with 




5 b -gctctagattatttcgaaccaccgaagttg 


stop codon 




5-ggaattcatgaaactgaagaacaccttaggc 


Truncated oprF188 


P. aeruginosa PAOl 


5-gctctagagacgttgtcgcaaacgccgtc 




chromosome 


5-ggaattcatgaaactgaagaacaccttaggc 


Truncated o/?rF188 with 




5 b - gctctagattagacgttgtcgcaaacgccgtc 


stop codon 




5 - ggaattcatgaaactgaagaacaccttaggc 


Truncated oprF196 


P. aeruginosa PAOl 


5-gctctagaggccggggtatccgggcactt 




chromosome 


5-ggaattcatgaaactgaagaacaccttaggc 


Truncated oprF\96 with 




5 b -gctctagattaggccggggtatccgggcactt 


stop codon 




5-ggaattcatgaaactgaagaacaccttaggc 


Truncated oprFltt 


P. aeruginosa PAOl 


5 - gctctagagcgtacgacttcggcgacagc 




chromosome 


5 - ggaattcatgaaactgaagaacaccttaggc 


Truncated oprF213 with 




5 b - gctctagattagcgtacgacttcggcgacagc 


stop codon 




5 - gctctagaatgcttcatgccttcgaacgc 


P. fluoresces SIK Wl lipase 


P. fluoresces SIK 


5 - cccaagctttcaactgatcagcacacc 


gene for fusion 


Wl chromosome 


5 - ggaattcatgcttcatgccttcgaacgc 


P. fluoresces SIK Wl lipase 




5-cccaagctttcaactgatcagcacacc 


gene for intracellular expression 





Restriction enzyme sites are shown in bold. 

b Underlined termination sequence is added for the expression of truncated oprF genes. 
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solution supplemented with 3% (wt/vol) of bovine serum 
albumin (BSA, Sigma Co., St. Louis, MO). Cells were 
incubated with the rat anti-lipase antibodies (Peptron) 
diluted (1:1,000) in PBS solution containing 3 wt % BSA 
for 4 h. After 5 washes with PBS solution, the cell- 
antibody complex was incubated overnight at 4°C with 
rabbit anti-rat IgG conjugated with rhodamine (Santa Cruz 
Biotechnology, Santa Cruz, CA) at a dilution of 1:3,000. 
Before microscopic observation, cells were washed 5 times 
with PBS solution to remove unbound rabbit anti-rat IgG 
conjugated with rhodamine. Cells were mounted on poly-L- 
lysine coated microscopic slide glasses and examined by 
confocal microscopy (Carl Zeiss, Jena, Germany). Photo- 
graphs were taken with a Carl Zeiss LSM 410 instrument. 

Measurement of Enzyme Activities 

Cells were harvested by centrifugation for 5 min at 5,590g 
and 4°C, washed with distilled water, and lyophilized with 
a TFD5505 freeze dryer (Ilshin Lab., Gyeonggi-do, Korea) 
for 48 h. Lipase activity was assayed by the pH-stat method 
(Lee et al., 1993) and the spectrophotometric method using 
p-nitrophenyl decanoate as a substrate (Lee et al., 2004b). 
For the latter, the activity was monitored by measuring the 
optical density at 405 nm using a spectrophotometer 
(Beckman DU650, Fullerton, CA). 

The temperature-dependent lipase activities were exam- 
ined using p-nitrophenyl decanoate as a substrate at con- 
trolled temperatures from 22 to 75 °C. The optimal pH 
was determined at 37 °C using substrate solutions having 
a volume ratio of 1:4:95 (10 mM p-nitrophenyl decanoate 
in acetonitrile/ethanol/50 mM potassium phosphate or 
50 mM Tris-HCl at various pH values ranging from 5 to 
10). For the examination of the stability of cell surface 
displayed lipase, 10 mg of lyophilized cells were re- 
suspended in 10 mL of Tris-HCl (pH 8.0) and incubated 
at 37 or 45 °C for a week. The 0.1 mL aliquots were 
taken, cooled to 37 °C, and were added to 1 mL of subs- 
trate solution for the measurement of residual activity 
at 37 °C for 10 min. The stability of E. coli cells dis- 
playing lipase in organic solvent was investigated by 
resuspending 10 mg of lyophilized cells in 10 mL of hex- 
ane or isopropyl alcohol, followed by 1 week of in- 
cubation at 37 °C. Aliquots (0.1 mL) were removed 
periodically. Cells were harvested by centrifugation for 
5 min at 3,500g and 4°C and resuspended in 1 mL of 
substrate solution (pH 8.0) for the measurement of residual 
activity at 37 °C for 10 min. 

Enantioselective Resolution of 1 -Phenylethanol in 
Hexane Using E. coli Cells Displaying Lipase 

For the enantioselective resolution, 300 mg of lyophilized 
cells (prepared by inducing with 0.1 mM IPTG) were 
resuspended in 30 mL of hexane, into which 300 mg of 
racemic 1 -phenylethanol, 212 mg of vinyl acetate, and 3 g 
of 4 A molecular sieves (Aldrich, St. Louis, MO) were 



added. The reaction mixture was incubated at 37 °C and 
250 rpm. Small aliquots of reaction mixture were removed 
during the reaction, and the products were analyzed by 
high-performance liquid chromatography (HPLC; Agilent 
1100 HPLC system, Palo Alto, CA). Enantiomeric excess 
(ee) is defined as 100 x (A - B)/(A + B\ where A and B 
are the amounts of two enantiomers. The percentage of 
conversion is defined as ee s /(ee s + ee p ), where subscripts s 
and p represent remaining substrate (alcohol) and prod- 
uct, respectively. The enantiomeric ratio (E) is defined as 
ln[l - c(l + ee p )]/ln[l - c(l - ee p )] (Chen et al., 1982). 

Analytical Methods 

Cell growth was monitored by measuring the optical 
density at 600 nm, using a spectrophotometer (Beckman 
DU650). The yield and optical purity of chemicals were 
determined by HPLC equipped with a Chiralcel OB-H 
column (Daicel Chemical Industries, Tokyo, Japan). A 
mixture of hexane and isopropyl alcohol having a volume 
ratio of 90:10 was used as a mobile phase at a flow rate of 
0.3 mL/min. Reaction products and substrates were de- 
tected by measuring absorbance at 210 nm using a diode 
array detector (1100 series DAD, Agilent). 

RESULTS 

Construction of Surface Display System 

To develop a strategy for displaying the P. fluorescens SIK 
Wl lipase (49.9 kDa) using the OprF as an anchoring motif, 
we first searched for the potential fusion site. Based on the 
predicted secondary structure and information found in the 
literature, we chose Lys 164 , Val 188 , Ala 196 , and Arg 213 as 
potential fusion sites for displaying P. fluorescens SIK Wl 
lipase (Fig. 2). 

The truncated oprF (oprF t ) genes encoding the 164, 188, 
196, and 213 amino acids from the N terminus were 
amplified by PCR using the primer sets shown in Table II 
and were cloned into the EcoRI and Xbal sites of pTac99 A 
(Park and Lee, 2003) to make pTacOprF164, pTacOprF188, 
pTacOprF196, and pTacOprF213, respectively. Serine and 
arginine were additionally inserted at the C terminus by 
introducing the Xbal site at the 3' end of the oprF t gene. 
For the expression of the op rF t genes without lipase fusion, 
the oprF t genes containing the stop codon were amplified 
using the primer sets shown in Table II and cloned into the 
EcoRI and Xbal sites of pTac99A to make pTacOprF164E, 
pTacOprF188E, pTacOprF196E, and pTacOprF213E. The 
P. fluorescens SIK Wl lipase gene was amplified and 
cloned into the Xbal and Hindlll sites of pTacOprF164, 
pTacOprF188, pTacOprF196, and pTacOprF213 to make 
pTacOprF164PL, pTacOprF188PL, pTacOprF196PL, and 
pTacOprF213PL, respectively, which were used for the dis- 
play of lipase on the E. coli cell surface. For the intracel- 
lular expression of lipase as a control, the lipase gene was 
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Figure 2. Proposed secondary structure of OprF redrawn from Rawling et al. (1995). Fusion sites are shown in circles. 



cloned into the EcoKl and Hindlll sites of pTac99A to 
make pTacPL. 

Recombinant XLIO-Gold cells harboring pTacOpr- 
F164PL, pTacOprF188PL, pTacOprF196PL, and pTacO- 
prF213PL were cultivated at 37 °C and induced with IPTG. 
Growth defects were observed for XLIO-Gold cells har- 
boring pTacOprF196PL and pTacOprF213PL. Therefore, 
recombinant XLIO-Gold harboring pTacOprF164PL and 
pTacOprFl 88PL were used in further studies. 



Confirmation of Lipase Display on the E. coll 
Cell Surface 

For the confirmation of lipase display on the cell surface, 
the whole-cell ly sates and outer membrane proteins of 
XLIO-Gold (pTacOprF164PL) were analyzed by SDS- 
PAGE. Due to the low expression level, the fusion protein 
could hardly be detected by Coomassie blue staining 
(Fig. 3A). Therefore, western blot analysis was carried out 
using the rat anti-lipase antibody which was subsequently 
detected with HRP-conjugated rabbit anti-rat IgG (Fig. 3B). 
Signal was not detected in whole-cell lysates of E. coli 
XLIO-Gold (pTacOprF164E) producing OprF t protein 
(Fig. 3B, lane 1). The bands corresponding to approximately 
68-kDa fusion protein were detected in whole-cell lysates 
and outer membrane fraction (Fig. 3B, lanes 2 and 3), 
suggesting a successful display of lipases on the cell surface. 

The display of lipase on the E. coli cell surface could 
also be directly confirmed by immunofluorescence micros- 
copy. As shown in Figure 4, E. coli XLIO-Gold (pTacOpr- 
F164PL) producing fusion protein became fluorescent due 
to the binding of anti-lipase antibody followed by binding 
of rhodamine-conjugated secondary antibody, indicating 
that lipase was successfully displayed on the surface of 
E. coli (Fig. 4C). On the other hand, E. coli XLIO-Gold 



cells harboring pTacOprF164E or pTacPL were not fluo- 
rescent at all (Fig. 4A,B). 

After confirming that lipases were successfully displayed 
on the E. coli cell surface, we examined if the displayed 
lipases were active. By the pH-stat method, the whole- cell 
lipase activities of 1,290 ± 96.1 and 932 ± 82 U/g 
lyophilized cell were obtained for XLIO-Gold harboring 
pTacOprF164PL and pTacOprF188PL, respectively, which 
were induced with 0. 1 mM IPTG. On the other hand, the 
lipase activity of supernatant was negligible in all cases, 
suggesting that cell lysis was not a problem. These results 
suggest that lipases were successfully displayed in an active 
form using the OprF t as an anchoring motif. For com- 
parison, the activity of lipase produced intracellular^ was 
also measured. The whole-cell activity of XLIO-Gold 
(pTacPL) induced with 0.1 mM IPTG was 235 ± 48 U/g 
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Figure 3. SDS-PAGE analysis (A) and immunoblotting (B) of E. coli 
XLIO-Gold expressing OprF t and OprF t -lipase fusion protein: molecular 
weight standards (lane M), whole-cell lysates of E. coli XLIO-Gold 
harboring pTacOprF164E (lane 1), whole-cell lysates of E. coli XLIO- 
Gold harboring pTacOprF164PL (lane 2), and outer membrane fraction of 
E. coli XLIO-Gold harboring pTacOprF164PL (lane 3). 
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(A) (B) (C) 

Figure 4. Differential interference micrographs (upper) and immuno- 
fluorescence micrographs (lower) of recombinant E. coli XLIO-Gold 
harboring pTacPL (A), pTacOprF164E (B), and pTacOprF164PL (C). 
Cells were incubated with rat anti-lipase probe antibody followed by prob- 
ing with rabbit anti-rat IgG-rhodamine conjugate. Fluorescence is seen 
only in (C). 
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Figure 6. Effect of pH on the lipase activity of surface displayed lipase. 
The enzyme activity was determined at 37 °C using /?-nitrophenyl decanoate 
as a substrate. Relative activity was calculated by assuming the activity 
obtained at pH 8.0 as 100%. Buffers used were 50 mM potassium phosphate 
buffer (•) and 50 mM Tris-HCl (O). 



lyophilized cell, which was much lower than that obtained 
with cell surface displayed lipase. When the cells were 
induced with 1 mM IPTG, cell surface displayed lipase 
(XLIO-Gold harboring pTacOprF164PL) and intracellu- 
larly expressed lipase showed much lower activities of 
350 ± 57 U/g lyophilized cell and 194 ± 41 U/g lyoph- 
ilized cell, respectively. 



Activity and Stability of Cell Surface 
Displayed Lipase 

To determine the enzymatic characteristics of cell surface 
displayed lipase, whole-cell lipase activities of lyophilized 
XLIO-Gold harboring pTacOprF164PL were measured 
at various temperatures ranging from 22 to 75 °C and 
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Figure 5. Effect of temperature on the activity of surface displayed 
lipase. The enzyme activity was determined at pH 8.0 using />-nitrophenyl 
decanoate as a substrate. Relative activity was calculated by assuming the 
activity obtained at 37 °C as 100%. 



pH values ranging from 5 to 10. The results are shown in 
Figures 5 and 6. Cell surface displayed lipase showed the 
maximum activity at 37 °C and pH 8.0. In the tempera- 
ture range of 37 to 45 °C, the whole-cell activities were 
maintained higher than 90% of the maximum activity. 
After the optimization of reaction condition, the enzyme 
stability against heat and different solvents was examined 
because it is important for industrial applications. Cell 
surface displayed lipase was incubated at 37 °C in Tris-HCl, 
isopropyl alcohol, and hexane for a week, during which the 
whole- cell lipase activity was measured periodically. As 
shown in Figure 7, the cell surface displayed lipase was 
quite stable and retained 80% of the initial activity (Fig. 7) 
in all solvents during the entire reaction time. The lipase 
activity of supernatant was negligible throughout the en- 
tire reaction, suggesting that cells were not lysed. All these 
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Figure 7. Stability of lipase displayed on the cell surface of E. coli 
XLIO-Gold (pTacOprF164PL) during the prolonged incubation at 37°C. 
Cells were incubated in Tris-HCl pH 8.0 (•), isopropyl alcohol (O), and 
hexane (▼). The enzyme activity was determined at 37°C and pH 8.0 
using /?-nitrophenyl decanoate as a substrate. Relative activity was cal- 
culated by assuming the initial activity as 100%. 
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results suggest that E. coli cells displaying lipase can be 
used as an efficient biocatalyst. 

Enantioselective Resolution of 1 -Phenylethanol Using 
Cell Surface Displayed Lipase 

As one of the important biocatalytic applications, we 
investigated the enantioselective resolution of a racemic 
compound using cell surface displayed lipase in organic 
solvent using 1 -phenylethanol as a substrate (Fig. 1). After 
36 h, the enantiomeric excesses of remaining 1 -phenyl- 
ethanol and product (7?)-phenyl ethyl acetate were 32% and 
96.3%, respectively. The percentage of conversion was 
25% with an enantiomeric ratio of 74.8. These results 
suggest that cell surface displayed lipase using OprF t 
anchor has potentials for the enantioselective reaction in 
organic solvents. 

DISCUSSION 

Even though microbial cell surface display has a great 
potential to be used in a wide range of applications, it 
has found only limited applications due to the limited 
availability of optimized anchoring motifs to efficiently 
display proteins having different molecular weights and 
molecular characteristics. The anchoring motif, which is 
quite successful in displaying some target proteins, often 
fails to display other proteins. Therefore, development of a 
successful cell surface display system depends on finding 
an optimized anchoring motif suitable for target proteins 
desired. Using different surface anchoring motifs, several 
enzymes including levansucrase, organophosphorus hydrol- 
ase, lipase, dimeric bovine adrenodoxin, and carboxy- 
methylcellulase have been displayed on the cell surface 
(Jose et al., 2002; Jung et al., 1998, 2003; Lee et al, 2003; 
Matsumoto et al. 2002; Shimazu et al., 2001). 

In this study, we developed a cell surface display system 
using the P. aeruginosa outer membrane protein OprF as an 
anchoring motif via C -terminal deletion-fusion strategy. 
This strategy allowed successful display of lipase in an 
active form on the surface of E. coli. Previously, Val 188 , 
Ala 196 , and Arg 213 of OprF were suggested to be possible 
fusion sites for the display of small peptides (Wong et al., 
1995). However, Ala 196 and Arg 213 were found to be not 
suitable for larger protein display because cells did not 
grow well after over- expression of fusion protein. This is 
likely due to the membrane instability observed frequently 
during cell surface display (Shimazu et al., 2001). 
However, we do not know the exact mechanism behind 
this. Nonetheless, Val 188 was found to be a suitable fusion 
site for the display of lipase. Rawling et al. (1998) reported 
that the amino acids 154 to 163 from the N-terminus are 
essential for the stable production of OprF. Therefore, we 
examined Lys 164 as another potential fusion site. XL 10- 
Gold harboring pTacOprF164PL showed the highest 
whole-cell lipase activity, suggesting that Lys 164 is the 
best site for fusing the lipase among those tested. 



The number of lipase molecules displayed per cell was 
estimated next. It was assumed that the displayed lipase 
would have the same specific activity of the purified 
enzyme (12,918 U/mg protein; Lee and Rhee, 1996). It was 
further assumed that 1 mg of lipase (49.9 kDa) corresponds 
to 1.2 x 10 16 molecules and 1 g of lyophilized cell cor- 
responds to 3.6 x 10 12 cells. Then recombinant E. coli 
XLIO-Gold (pTacOprF164PL) having the specific activity 
of 1,290 U/g lyophilized cell would have 333 lipase 
molecules displayed per cell. This is more than that ob- 
tained with the OmpC anchoring system (294 molecules 
per cells; Lee et al., 2004a). Furthermore, lipase displayed 
in this manner showed good enzymatic characteristics 
(Figs. 5-7). This good enzyme stability is one of the most 
important features for industrial biocatalytic processes. It is 
notable that lipase displayed using OprF t (164 amino acids) 
as an anchoring motif showed excellent stability. Lyophi- 
lized cells displaying lipase were stable in both aqueous 
solution and organic solvents. In addition, recombinant 
E. coli cells displaying lipases did not show any growth 
defects. Matsumoto et al. (2004) reported that yeast surface 
displayed lipases were highly active and stable in several 
organic solvents during relative short reaction time (60 h). 
Recombinant E. coli displaying lipase using the OprF 
anchoring system was a little less active than the yeast 
system but much more stable after prolonged incubation 
(7 days) in organic solvent. 

It has been reported that lipase can be displayed on the 
cell surface of several microorganisms (Kobayashi et al, 
2002; Jung et al., 2003; Lee et al., 2004a, 2004b; Matsu- 
moto et al., 2004; Samuelson et al., 1999). However, the 
yeast display system has been the only one that was used 
for enantioselective resolution of racemic compounds in 
organic solvent. Recombinant E. coli displaying lipase on 
the cell surface was also able to carry out enantioselective 
resolution of racemic compound in organic solvent. During 
the reaction at 37 °C in hexane, cell lysis was negligible. It 
should be noted that recombinant E. coli displaying lipases 
allowed higher enantiomeric ratio and higher enantiomeric 
excess than those typically obtainable by using the free 
lipase system (Cardenas et al., 2001). When molecular 
sieves were not included in the reaction, little trans - 
esterification occurred (data not shown). It has been known 
that the excess content of water can inhibit lipase-catalyzed 
transesterif ication (Kyotani et al. , 1988; Matsumoto 
et al., 2004). This was also true for recombinant E. coli 
displaying lipase as removal of excess water by adding 
molecular sieves was necessary for enantioselective trans - 
esterification reaction. 

In conclusion, we have shown that the C -terminal 
deletion-fusion of lipase to the OprF anchor allowed 
successful display of lipase on the E. coli cell surface. We 
also demonstrated for the first time that E. coli cells display 
lipases could catalyze enantioselective resolution in organic 
solvent with high stability, suggesting that it can be used as 
a cost-effective biocatalytic system for various biotechnol- 
ogical applications. 
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